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Morphine  increases  the  rate  of  catecholamine  synthesis  in  the  brain  of  rats  and 
mice^’^^  suggesting  that  catecholamine-containing  neurons  may  be  involved  in  some 
of  the  effects  of  morphine  on  the  function  of  the  central  nervous  system.  After  re- 
peated administration  of  morphine  or  levorphanol  to  mice,  tolerance  and  cross  toler- 
ance  develop  to  the  effects  of  these  narcotics  on  brain  catecholamine  synthesis.*  Fur- 
thermore, the  development  of  tolerance  to  and  physical  dependence  on  morphine  is  not 
associated  with  an  inci’ease  in  the  activity  of  brain  tyrosine  hydroxylase.  On  the  ba- 
sis of  these  findings  it  has  been  suggested  that  morphine  does  not  enhance  the  biosyn- 
thesis of  catecholamines  by  a direct  effect  on  tyrosine  hydroxylase. 

The  possible  role  of  serotonin  in  the  pharmacologic  actions  of  morphine  has  been 
the  subject  of  considerable  interest.  Evidence  on  the  effects  of  morphine  on  this  neu- 
rotransmitter has  been  circumstantial  and  contradictory', but  more  recent 
findings  confirm  that  serotonin  is  involved  in,  at  least,  some  of  the  effects  of  morphine 
and  that  its  turno.er  rate  increases  after  chronic  administration  of  the  drug. 

Q 

Several  investigators  ’ have  reported  that  narcotic  analgesics  induce  locomotor  hy- 
peractivity in  mice  and  that  this  effect  is  associated  with  changes  in  brain  biogenic 
amines. We  have  observed  that  during  the  development  of  tolerance  to  the  drug, 
a number  of  rats  showed  an  activation  reaction  which  was  manifested  by  hyperactivity, 
spasmodic  jumping  and  compulsive  gnawing  within  the  first  20-30  minutes  after  the 
last  administration  of  morphine,  while  other  rats  did  not  exhibit  this  hy'peractivity 
reaction. 

This  study  was  set  up  to  determine  if,  and  to  what  extent,  brain  monoamine  oxi- 
dase activity  is  influenced  by  chronic  administration  of  morphine  to  these  two  types  of 
rats.  Monoamine  oxidase  activity  was  measured  in  hypothalamus,  hippocampus,  thal- 
amus, cerebellum,  and  cerebral  cortex.  These  brain  areas  were  selected  for  study 
because  (1)  morphine  has  known  effects  on  catecholamine  synthesis  in  these  areas;®’ 

(2)  these  areas  are  involved  in  the  development  of  tolerance;^  and/or  (3)  they  may 
also  be  involved  in  the  regulation  of  a number  of  brain  functions  affected  by  morphine.^ 
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iMATERlAI^  AND  METHODS 

Materials.  Chemicals  utilized  in  this  study  were  obtained  from  Sigma  Chemical 
Company,  St.  Louis,  Missouri.  Mox'phine  sulfate  (15  mg/ml)  was  obtained  from  Eli 
Lilly  Company,  Indianapolis,  Indiana. 

Animals.  A total  of  120  Sprague-Dawley  (AFRRI  colony)  male  rats  9-10  weeks 
old,  weighing  210-200  grams,  wei’e  used.  The  animals  were  kept  in  a temperature- 
controlled  room  at  22°  + 0.5°C,  individually  housed  in  cages  with  free  access  to  food 
f\Va\Tie  Lab  Blox)  and  water.  Of  these  animals  85  were  used  for  morphine  administra- 
tion and  the  rest  served  as  controls. 

Morphine  administration.  The  experimental  animals  were  given  moi'phine  by  in- 
jecting the  di*ug,  40  mg/kg  body  weight  of  morphine  sulfate  per  injection  i.  p. , twice 
daily  for  8 days.  Control  animals  were  injected  with  sterile  physiologic  saline  in  vol- 
umes corresponding  to  those  of  the  morphine  solution.  After  the  6th  or  7th  day  of  mor- 
phine administration,  a number  of  rats  (approximately  40  percent  of  the  experimental 
animals)  exhibited  an  activation  response  which  was  manifested  by  hyperactivity,  spas- 
modic jumping,  and  compulsive  gnawing  ("jumping"  rats)  for  the  first  20-30  minutes 
after  each  injection  of  the  drug.  The  remaining  rats  did  not  show  this  hyperactivity 
reaction  ("nonjumping"  rats).  Of  the  85  expei’imental  animals,  28  jumping  rats  and 
42  nonjumping  were  used  in  this  study.  The  remaining  15  rats  could  not  meet  required 
criteria  and  were  not  used.  The  experimental  animals  were  divided  into  seven  groups 
of  four  animals  each  for  the  jumping  and  seven  groups  of  six  rats  each  for  the  non- 
jumping animals.  Control  animals  were  divided  into  seven  groups  of  five  animals  each. 

Assessment  of  tolei^ance.  The  degree  of  tolerance  to  morphine  was  determined 
by  the  hot  plate  technique  of  Eddy  and  Leimbach^  as  modified  by  Johannesson  and 
Woods. The  rats  were  placed  on  a hot  plate  maintained  at  55°  + 0. 5°C  within  a 
Plexiglas  restraining  cylinder.  The  time  interval  between  contact  of  the  paws  of  the 
animal  with  the  plate  and  reaction  to  the  stimulus  (licking  of  fore  or  hind  paws)  was 
used  as  an  index  of  analgesia.  In  control  animals  this  occurred  with  a mean  latency 
of  approximately  4-6  seconds.  Unresponsive,  morphine- injected  rats  were  arbitrarily 
removed  after  60  seconds. 
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Preparation  of  enzyine  systems.  At  the  end  of  the  8th  day,  one  group  of  the 
jumping  and  one  group  of  the  nonjumping  rats  were  euthanatized  just  before  receiving 
the  last  morphine  injection  and  were  used  as  base-line  controls.  The  other  groups 
were  given  the  last  morphine  dose  and  were  euthanatized  at  5,  15,  30,  60  minutes,  6 
or  24  hours  after  the  last  injection.  Experimental  animals  as  well  as  saline  controls 
were  euthanatized  by  decapitation  and  their  heads  were  instantly  frozen  in  liquid  nitro- 
gen in  a Dewar  flask.  The  heads  were  later  removed  from  the  liquid  nitrogen  and 
stored  at  -90°C  until  the  time  of  assay.  Storage  at  this  temperature  for  as  long  as 
5 days  was  found  to  cause  no  detectable  loss  in  enzymic  activity.  Enzymic  activity 
determinations  were  performed  within  24  hours  after  euthanasia  of  the  animals.  Rapid 
freezing  of  the  rats'  heads  in  liquid  nitrogen  usually  resulted  in  bilateral  splitting  of 
the  skull  and  brain,  facilitating  removal  of  the  brain  areas  under  investigation.  The 
frozen  heads  were  partially  thawed  in  a cold  room,  kept  at  2°-3°C,  and  the  thalamus, 
hyjxithalamus , cerebral  cortex,  cerebellum  and  hippocampus  were  dissected  out  and 
homogenized  in  10  volumes  of  0,25  M sucrose  containing  0.001  M MgCl2  using  glass 
homogenizers  of  the  Potter-Elvehjem  type  with  Teflon  pestle  kept  in  crushed  ice. 

Each  of  the  homogenates  was  centrifuged  (Sorvall  RC-2B)  at  1500  x g for  10  minutes 
and  the  resultant  supernatant  fluid  was  centrifuged  at  10,000  x g for  30  minutes.  After 
carefully  decanting  the  supernatant  fluid,  the  mitochondrial  pellet  was  suspended  in  an 
equal  volume  of  homogenization  medium  and  was  used  for  the  assay.  No  monoamine 
oxidase  activity'  was  found  to  be  present  in  the  10, 000  x g supernatant. 

Monoamine  oxidase.  Monoamine  oxidase  activity  was  assayed  by  a modification 

of  the  method  of  Weissbach  et  al.^®  The  assay  mixture  contained  0. 05  M Tris-HCl 

buffer  pH  7.4,  0.22  mM  kynuramine-di-hydrobromide , 0.08  mM  MgCl2  and  the  enzyme 

preparation  (0.6-1  mg  protein).  Final  volume  of  the  incubation  mixture  was  made  up 

to  3 ml  with  water  and  the  reaction  was  stopped  by  the  addition  of  0.2  ml  0. 5 N NaOH 

and  0.4  ml  10  percent  ZnS04.  The  mixture  was  then  shaken,  heated  in  a boiling  water 

bath  for  5 minutes,  and  centrifuged  at  10,000  x g for  10  minutes.  The  concentration 

of  the  reaction  product  4-hydroxyquinoline  was  determined  in  the  supernatant  spectro- 

2 

photometrically  by  measuring  the  absorbance  (appearance  of  the  peak)  at  330  nm. 
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A blanli  cuvette  was  prepared  by  replacing  kjTiuramine  with  water.  When  various, 
increasinj^'  concentrations  of  -1-hydroxycjuinoline  were  used  as  standards,  the  height  of 
the  {XJtik  at  330  nm  was  found  to  be  directly  pi'oportional  to  the  amount  of  4-hydroxy- 
quinoline  present  in  the  solution.^  By  measuring  the  increase  in  absorbance  at  330  nm 
instead  of  decrease  at  300  nm,“^  at  least  a threefold  to  fourfold  increase  in  the  sensi- 
tivity of  the  reaction  can  be  achieved.  Enzymic  activities  were  expressed  per  milli- 
gram of  protein.  Ib’otein  determinations  were  ijerformed  according  to  the  method  of 
Lowry  et  al. 

Data  presentation.  Data  are  presented  as  the  mean  + standard  error.  Values 
are  expressed  as  jumoles  of  l-hydroxycjuinoline  produced  per  90  minutes  per  mg  of 
protein.  Student's  two  tail  ”t"  test  was  used  for  statistical  analysis. 

RESULTS 

The  effects  of  chronic  administration  of  morphine  on  the  activity  of  monoamine 

oxidase  in  rats  showing  the  hyperactivity  reaction  (jumping  rats)  are  presented  in 

^ Table  I,  Within  minutes  after  the  last  administration  of  the  drug,  monoamine  oxidase 

S 

j:  activity  decreased  in  all  brain  areas  investigated,  reaching  lowest  levels  at  approxi- 

i;  mately  15-30  minutes  postinjection.  In  rats  euthanatized  at  uinutes,  the  morphine- 

induced  changes  in  the  activity  of  monoamine  oxidase  were  less  pronounced  and  this 
activity  was  found  to  return  to  nearly  normal  levels  in  animals  euthanatized  at  6 or  24 
hours  after  the  last  morphine  injection. 

Table  2 shows  the  results  obtained  with  rats  chronically  treated  with  morphine 
j which  did  not  exhibit  the  hyperactivity  reaction  (nonjumping  rats).  In  contrast  to  the 

results  with  the  jumping  animals,  no  appreciable  changes  or  some  increases  in  the 
j activity  of  brain  monoamine  oxidase  occurred. 

DISCUSSION 

Previous  experiments  with  mice  have  indicated  that  brain  catecholamines  are 
' involved  in  the  mechanism  by  which  morphine-like  drugs  induce  locomotor  activity. 

In  addition,  agents  such  as  pargyline  which  prevent  the  oxidative  deamination  of  cate- 
cholamines enhance  the  locomotor  activity-increasing  effect  of  levorphanol  in  mice, 
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whereas  reserpine,  which  depletes  brain  catecholamines,  diminishes  it.  In  agree- 
ment with  these  results  our  rats , which  when  treated  chronically  with  morphine  exhib- 
ited the  hyperactivity  syndrome,  had  a drastically  reduced  brain  monoamine  oxidase 
activity.  Thus  a hyperactivity  syndrome  results  whether  the  activity  of  monoamine  oxi- 
dase was  inhibited  by  monoamine  oxidase  inhibitors  or  by  chronic  administration  of 
morphine.  The  fact  that  development  of  tolerance  to  morphine  is  not  associated  with 
an  increase  in  the  activity  of  brain  tyrosine  hydroxylase^  supports  the  idea  that  the  hy- 
peractivity syndrome  is  not  linked  to  an  enhanced  syaithesis  of  brain  catecholamines 
but  rather  to  a decrease  in  the  rate  of  their  oxidative  deamination. 

A similar  hyperactivity  syndrome  has  been  observed  in  rats  after  administration 
of  monoamine  oxidase  inhibitors  and  tryptophan,  and  the  rate  of  development  of  this 
hyperactivity  correlated  with  c rate  of  accumulation  of  brain  serotonin.  Since 
chronic  administration  of  morpume  produces  no  change  in  the  activity  of  the  soluble 
form  of  brain  tryptophan  hydroxylase,  and  only  minor  increase  in  the  activity  of  the 
particulate  enzyme, it  is  very  likely  that  this  hyperactivity  syndrome  is,  at  least 
partly,  due  to  a decrease  in  the  activity  of  brain  monoamine  oxidase;  and  this  agrees 
with  our  results.  Compulsive  gnawing  and  hyperexcitability  were  found  to  result  from 
direct  deposition  of  morphine-like  drugs  to  the  central  thalamic  region  of  the  brain  of 
rats.  ^ Our  results  suggest  that  these  effects  might  also  be  due  to  monoamine  oxidase 
inhibition. 

In  chronically  treated  rats  which  did  not  exhibit  hyperactivity  reaction  after  the 
last  dose  of  morphine,  monoamine  oxidase  activity  either  did  not  change  appreciably 
or  it  was  somewhat  increased  (Table  2).  These  observations  also  tend  to  support  the 
existence  of  a relationship  between  the  appearance  of  the  hyperactivity  syndrome  and 
decrease  in  the  activity  of  brain  monoamine  oxidase.  Differences  between  strains  of 
mice  in  their  sensitivity  to  opiates  and  their  patterns  of  running  behavior  have  been 
observed  by  other  investigators^®  who  concluded  that  strain  differences  were  not  due 
to  differences  in  absorption,  metabolism  or  permeability  of  the  blood-brain  barrier, 
but  were  rather  modulated  by  different  genetic  mechanisms.  The  observation  that 
strains  of  mice  characterized  by  more  spontaneous  motor  activity  have  higher  brain 
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amine  levels  than  mice  which  exhibit  much  lower  motor  activit^'^■^  is  also  consistent 
with  our  finclins^s.  Monotimine  oxidase  in  the  brain  of  rats  exists  in  several  forms  with 
different  substrate  sjjecificities.  Kxfjeriments  are  in  pro{>ress  to  determine  to 

what  extent  each  of  these  forms  contriijutes  to  the  observed  hyperactivity  sirndrome. 
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